Advances in biology are occurring at a breathtaking pace today, from genetic insights facilitated by the Human Genome Project and next generation DNA sequencing technologies, to global nucleic acid and proteomic expression measurement using new high-throughput methods. Less publicized in recent years, yet still the central driver of progress, are the steadily proceeding biological insights gained through tried and true hypothesis-driven investigation into the complex worlds of metabolism, growth, development, and regulation. Certainly, the basic science ecosystem is productive and this portends well for the myriad new applications that will benefit mankind; drugs, vaccines, devices, and related economic growth-or perhaps not-in stark contrast to the generation of fundamental biological knowledge are inefficiencies in applying this information to real-world problems, especially those of the clinic. While investigation hums along at light speed, translation often does not. The good news is that obstacles to progress are tractable. The bad news, however, is that these problems are difficult. The present paper examines translational research from multiple perspectives, beginning with a historical account and proceeding to the current state of the art. Included are descriptions of successes and challenges, along with conjecture on how the field may need to evolve in the future.
Introduction

Our greatest glory is not in never failing, but in rising up every time we fail. (Ralph Waldo Emerson)
Nothing exemplifies the quote above from Emerson more than the translation of a biological discovery into a new drug, device, or other intervention that helps society. This is no easy task.
The stakes here are high-human health and wellbeing; thus it is important that the translational system is critically examined and understood in order to maximize the likelihood that basic research performed in the laboratory and clinic benefits the public [1] [2] [3] [4] [5] [6] [7] (see Appendix for relevant websites). Moreover, if positive economic activity is generated this strengthens the biotechnology and pharmaceutical company sectors, which in turn grows the scientific ecosystem writ large, ultimately making more funds available for research and training, creating high-level jobs, and increasing appreciation of the overall enterprise by the public [8] [9] [10] .
At the outset, it is important to recognize three important aspects of translational research as it is performed today.
First, the system is not broken per se as there are many advances to celebrate, exemplified by the discovery, production, and distribution of new medicines, antibiotics to treat bacterial infections and insulin to manage diabetes as two classic examples which are wonderful success stories.
Second, the endeavor is exceptionally challenging [11] [12] [13] [14] [15] [16] [17] . This aspect should not be minimized. The undertaking is difficult and failure is frequent. It is easy to sit on the sidelines and find fault with the scientific research enterprise or specific translational components, but this is not helpful. What is useful is to honestly assess current principles and procedures and then to ideate and test alterations that will improve efficiency in the future.
Finally, the fact that translational research is both important and difficult calls for and even demands a maximally effective system. In many instances, solving the biological and medical matters at hand will be problematic in the best of circumstances and straightforward answers will not be 2 Advances in Biology forthcoming. But the public and patients, current and future, need this process to work well; thus investigators need to be imaginative in the ways they pursue science that will benefit the public [18] [19] [20] [21] [22] [23] [24] .
What might translational research look like moving forward?
Of course, predicting the future is always risky as there are numerous unknowns to account for. However, looking ahead, one might expect to see the formation of radical new organizations. These structures will not simply be updated versions of today's academic, government, and commercial entities, since they carry with them much historical baggage, but new rationally designed entities that specifically address the relevant challenges-silos, cultures, environments, models, incentives, bureaucracy, and access for young investigators. The goal of these future institutions will be to replace, improve, or augment methods used today, leaving no dogma unexamined in the process. Although sweeping changes in translational structures may be necessary and valuable, one should not foolishly ignore the positive lessons of the past; indeed, moving ahead it is better to understand and build upon today's successful systems-observe, measure, hypothesize, analyze, improve, and repeat.
A particular danger when examining the overall biomedical research landscape is to either conflate basic science and translational research, or to play the two against each other. The disciplines are distinct sides of the same coin, and not a mutually exclusive, zero-sum game. Diminishing the value of either activity, which often occurs as arguments regarding resources and funding, will have a clear outcome-it will alter the title of this paper from a concerned questioning (or Not) toward a declarative statement (No Chance).
The situation is nuanced when it comes to the relative value of basic and translational research. Certainly, there were impressive and dazzling biological discoveries in the twentieth and early twenty-first centuries to which the proponents of basic science can point as markers of success and progress. And much good has resulted in society based on these efforts. Yet critics trenchantly assert that the medical and societal payoff has been suboptimal and slow, especially for some of the more common illnesses, and that rational application of new knowledge into therapies, most hopefully embodied today in terms such as personalized and precision medicine, has only minimally materialized. Perhaps the scientific community thought that the biological advances of the past 50-100 years would easily and automatically lead to cures for most or all diseases. They have not. Yet they have absolutely set the stage for great applications to come-the question is not if these wonderful biological insights will be translated into useful drugs and medical devices, but when, which reflects back to the efficiency of the system as a whole.
It seems that a new approach to the process of translation is needed, one that is as much inventive and creative as analytic. Ideally, it would be performed by investigators with a wide breadth of knowledge and expertise; by those who continue to push the boundaries of basic knowledge because they are puzzled by and interested in nature; by those who are willing to leave their comfort zones to continually learn new fields; and, perhaps most importantly, by those who see the freedom and financial support they receive to pursue biomedical science as a gift, one that comes with an internal price tag and social responsibility, to ensure the new basic knowledge they generate helps patients and the public, urgently, as soon as possible, by whatever means necessary. Not instead of basic research, not in place of curiosity-driven science, but in addition to it, as a direct return to those who provide the support.
The goal of the present paper is to briefly review the history and principles of translational research. More importantly, the aim is to evaluate the craft as it is practiced today. And then most importantly, to ponder ways it could be better practiced tomorrow.
Definitions
Terminology Matters. To ensure proper communication it is necessary to agree upon definitions, especially in translational research since much of the jargon that touches upon the field is used inexactly, with varying connotations and interpretations [25, 26] . Moreover, there are several distinct yet overlapping perspectives from which to view the activity.
As a Process. Translational research is thought of broadly as the progression of a new scientific insight or discovery into a useful product, medicine, or other societal interventions. The endeavor covers all areas of science, from biological to physical to social, and essentially any effort to create public benefit from studies utilizing the scientific method fit into this category. The process can be divided into sequential subcomponents, often referred to as the T1 and T2 phases, although others have developed a more in-depth definition that includes additional phases (see Appendix). T1 is the development of a concept/discovery into a useful product or procedure, whereas T2 refers to the widespread adoption of that product/procedure by the public.
Under the broad umbrella of translational research are subcategories related to specific fields. The definitions here are fuzzy, but generally translational biology is the application of biological research into a useful invention, for example, a microbe that is capable of catabolizing waste products. In contrast, translational medicine specifically focuses on creating clinically useful products or procedures, irrespective of the source research, biological, physical, or social.
As a Science. Investigations can be divided into two categories that are relevant to translational research: basic and applied science. Basic studies seek fundamental knowledge, are nondirected, and are driven by curiosity and by a desire to understand a physical or biological system. The fundamental knowledge generated is an end unto itself. In contrast, applied research is a focused and targeted effort that seeks a specific goal, a solution to a problem.
The terminology can be confusing in biological and medical studies, especially those impacting patients and the clinic, because the concepts are often used erroneously-"basic" for laboratory work and "applied" for clinical studies, with translation being a unidirectional arrow from bench to bedside. However, these descriptions misuse the fundamental meaning of the terminology and lead to a poor understanding of the iterations that occur during the process.
Accurate descriptions are as follows:
(i) basic science in the laboratory-seeks fundamental knowledge about physical or biological processes;
(ii) applied science in the laboratory-studies directed toward a specific utility;
(iii) basic science in the clinic-seeks fundamental knowledge on human pathophysiology;
(iv) applied science in the clinic-development of a medical intervention.
When used correctly, the terminology points to translational research as a highly interactive process, with a flow of information in multiple directions-a concept one can think of as a virtuous cycle, illustrated in Figure 1 .
As an Analyst or Inventor. Further overlaid atop the definitions of translational research and peripherally related to definitions of basic and applied science is the methodology that investigators use to advance their work-analyst and inventor are good terms to use. An analyst examines the mechanistic basis of a particular phenomenon, for example, the molecular elements that control bacterial cell growth or the underlying principles of a medical device. Using a reductionist approach, the analyst examines the physical and molecular mechanisms through hypothesis generation, experimental testing, and then validation or revision based on empirical results. Although the process may involve adaptation of a technology to further objectives, the primary focus is on probing and understanding the unknown. The subject matter is highly focused and the analyst knows "a lot about a little"; in fact, they know more about the molecular phenomenon or device than anyone ever, an impressive feat.
In contrast, inventors know "a little about a lot" and their goal is to create something new-to mix, match, and assemble various bits and pieces of what they know into something never before seen-more like an artist than an analyst. For example, instead of examining the molecular mechanism of bacterial growth, an inventor may use a blank canvas and their knowledge of bioengineering, optics, cell biology, genomics, and microscopy to create a novel imaging system-a new technology that reveals insight into DNA conformational states that mediate cell division, an impressive feat of a different sort, one that will open up whole new avenues of investigation for the analysts.
In the real world, the virtuous cycle illustrated in Figure 1 is an exciting, difficult, stop-and-start process comprised of a mix of different types of translational research processes, different types of basic and applied science, and different types of analytic and inventive researchers, with an amalgam of hybrid forms and many shades of gray.
Hidden within this whirlwind is the most important aspect, the one that begs the critical question vis-à-vis the virtuous cycle-how can the system be improved?
Historical Perspective
Although translational research is sometimes portrayed as a relatively new concept, initially coined in the 1980s, the process has in fact been practiced for millennia. Early examples exist in agriculture and in training of animals for domestic purposes. Loosely applied, any effort to improve the human condition based on new scientific knowledge can be considered translational: breeding of crops, use of fertilizers, and development of crude pesticides. Moreover, outside of biology and medicine, the translation of new knowledge in physics and electrical engineering into siliconbased devices over the past half-century has been nothing short of spectacular, world-changing to be sure. At present, though, the most popular use of the term "translational research" refers specifically to work within the biomedical research community. Alexander Fleming's notable discovery of the Penicillium mold in 1928, followed by discovery of techniques to extract the antibiotic for treatment of bacterial infections, is a classic example of translational medicine, highlighting the tremendous upside of the process [27, 28] . Similarly, the discovery of insulin and its use in treating diabetes is a remarkable achievement of the 19th and 20th centuries, with the major advances shown in a timeline in Figure 2 [29, 30] .
From both scientific and clinical perspectives, the insulin story represents 150 years of stunning progress, basic investigation of anatomy and physiology, specifically the pancreas and Islets of Langerhans; early treatment of diabetic patients with relatively crude extract forms of the hormone; and then utilization of new laboratory techniques in molecular biology for in vitro production of biosynthetic insulin, including novel analogue forms with clinically useful activity such as rapid onset and increased serum half-life [31] [32] [33] [34] .
Prior to the use of insulin in the 1920s, diabetes was a near death sentence for patients. The disease was associated with high levels of morbidity and mortality and was particularly cruel in the way it affected children. The discovery and medical application of insulin altered forever the fate of those affected by the illness, followed by successive waves of improved benefit as basic and applied science pushed the frontiers of knowledge, continually making the disease easier to manage and life better for patients [35] [36] [37] [38] .
The commercial production of biosynthetic insulin by Genentech in the 1970s was a watershed event, for all intents and purposes marking the dawn of the modern biotechnology industry, a key inflection point. The effect on applied science and economic activity cannot be overstated as this commercial success engendered both interest and confidence in the burgeoning industry, an enterprise that now does tremendous good in society [39] The insulin story also highlights the important historical role of societal investment in science, including philanthropic support, government funding, involvement of academic institutions, and R&D efforts in pharmaceutical and biotechnology companies [40] [41] [42] [43] [44] [45] [46] [47] . Without this robust and flourishing ecosystem all the societal good that resulted from discovering and utilizing insulin would have happened more slowly, or perhaps not at all.
Besides antibiotics and insulin, there are many translational medicine success stories over the past century. These advances range from progress in understanding and managing cardiovascular disease, to improvements in cancer therapies, particularly for childhood leukemia, to advances in treating psychiatric illnesses. A particularly exciting cutting edge area is synthetic biology, integration of genomic data sets, molecular biology, and new synthesis tools to design organisms with novel functions . The potential applications here are almost endless; organisms as laboratory tools for basic research, bacteria useful in cleanup of petroleum spills, new vaccine production methods, and defining the critical gene set necessary for independent life. As with other genomic areas of research, synthetic biology carries with it a degree of risk; thus there is an important need for regulatory oversight [72] [73] [74] [75] [76] [77] [78] . In the context of the virtuous cycle, such supervision needs to mitigate potential hazards without becoming excessive or stultifying.
Today, many projects are influenced by advances occurring in basic and applied genomics, undergirded by rapid technological improvements in DNA sequencing that enable Advances in Biology 5 a wide spectrum of new research avenues, economic development, and clinical applications [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] . If ever a case needs to be made for the societal value of translational research, genomics is an on-going success story par excellence [76, [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] .
In each historical example one can see manifestation of the important principles embodied in the virtuous cycle, scientific curiosity, chance discoveries and serendipity, targeted goals, successful products and procedures, and continued knowledge generation and product improvement; spin the cycle again. Additional noteworthy elements based on past history include free and unfettered scientific inquiry with an emphasis on bottom-up investigator-initiated studies, information flow through a peer-reviewed publication process, training and mentoring of young investigators as a cultural norm and expectation of senior researchers, and an entrepreneurial culture that rewards risk-taking and productivity.
New Tools. Important translational elements created over the past few decades include a spectrum of educational programs, conferences, journals, organizations, academic societies, and analytic tools for measuring cost and effectiveness-all parts of a system that nurtures growth of new ideas [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] . In the United States, two historical developments that moved the field forward were the Bayh-Dole act passed by the US Congress in 1980 and establishment of offices of technology transfer at universities and medical centers [120, 121] . Together, the new law and administrative structures are a mechanism for commercializing government-supported discoveries, with a positive effect on the translational landscape and economy. At present, the primary debate around the Bayh-Dole act is efficiency and, namely, determining if the law as written and the current methods employed by technology transfer offices are optimal [122] [123] [124] [125] [126] [127] .
Challenges and Conjecture
So, based on historical successes in the field of translational research and the current exciting advances that are occurring in genomics, synthetic biology, and in other areas, what is the problem? Why does the title of this article end with (or Not)?
Actually, there are many problems. The aim here is not to be overly critical or negative, nor is it to miss the wonderful advances that are occurring by focusing too much on the shortcomings of translational research as it is practiced today. All steps forward in this space should be recognized and celebrated, and society is wise to build upon these accomplishments. Moreover, when one scans the translational landscape it is evident that there are many pockets of excellence, where success outweighs failure and development of new concepts triumphs the difficulties.
However, that being said, there is much anecdotal and objective evidence to suggest the enterprise is not operating at full speed, due both to inherent challenges in the process and to a set of problems that are self-induced [3, 4, 7, 11-16, 18, 110] .
Eight distinct yet overlapping areas in need of assessment are listed below. This set of issues is not exhaustive, of course, and there are additional elements that should be explored further, the relationship between academia and industry as a prime example. However, the topics listed below touch on many of the key difficulties in translational research as it is practiced today: Acknowledgment of the inefficiencies in translational research is heard not just among those involved in science and medicine, but across the spectrum of society, including the business community and popular press (see Appendix). An article in Newsweek in 2010 illustrates the debate occurring in public forums, accurately describing many of the frustrations with the process amongst funders and patient advocacy groups. Similarly, two 2013 articles in Time Magazine covered the Stand Up to Cancer (SU2C) program that originated in the entertainment industry, highlighting similar dissatisfactions. As the primary beneficiaries of the fruits of scientific inquiry, the public is rightly interested in this matter and wise to be concerned with how translation is practiced.
When evaluating inefficiencies within the translational research system, it is important to be cognizant of the difficulties associated with turning new knowledge into useful societal benefit. The task is not easy and the process almost never occurs simply or with a perfectly uphill progression 6 Advances in Biology slope. To make this point more strongly, consider the development of silicon-based technologies (electronics, computers) as opposed to the biotechnology field. One observes a marked contrast between the two. Whereas the basic substrates and building materials for electronics are relatively well understood and behaved, not to mention nonliving, carbon-based life forms remain mysterious in many respects and the capacity to design and control them is limited. The amount of information and high-level regulatory control is considerable, rendering the task of transducing biological knowledge daunting.
A major inflection point in the electronics and computer industries was the invention of solid-state transistors at Bell Laboratories in the mid 1900s, greatly increasing the capabilities of logic-based circuits; electronic design on a new scale became possible leading to rapid improvements in manufacturing, notably the development of integrated circuits and an explosion in devices, applications, and computing power-the virtuous cycle went into overdrive [128] [129] [130] .
In contrast, the design and manufacture of carbon-based systems, although underway and successful to some extent, insulin production as an example, has not yet come to fruition in a manner analogous to electronics. In fact, one may argue that many advances have been more fortuitous than rationally designed, hijacking nature's strategies in order to accomplish specific and limited goals. This situation may be changing now, with new synthetic biology tools perhaps analogous to invention of the solid-state transistor, although one must be cautious about over promising in this space until more substantive progress is made.
The key point, given the biological challenges, is to again highlight the absolute need for a maximally efficient and supportive translational ecosystem. Here, good enough is not good enough; business as usual will not suffice and a sense of urgency is needed; inefficiencies must be recognized and then mitigated or eliminated-much in human health depends on getting this right.
Looking forward, the crucial question is how could the translational system specifically be improved? How could successes be built upon while at the same time minimizing elements that lead to failure?
One imagines there will be many "correct ways" to translate biological and medical knowledge to the public, depending on the specific circumstances and health care issues involved. Diversity and experimentation are good things-one size does not fit all. Therefore, instead of focusing on specific organizational structures or institutional hierarchies that might be useful in the future, it is better to examine general principles and speculate on how they might be experimented with and improved upon.
Importantly, the future design of translational research systems needs to be developed with young investigators firmly in mind. Their drive to succeed will be based on achieving specific goals-satisfy curiosity, produce new knowledge, engender societal good, personal financial benefit, entrepreneurial satisfaction, contribution to society's economic development, and inventors' pride. Additionally, many of them will desire to be part of something bigger, part of an exciting environment they are proud to be associated with, a cool brand if you will. Tomorrow's leaders need to carefully consider what their organization stands for, how it operates, and why bright young folks would want to be involved.
Integration (Silo Problem).
When one asks investigators about challenges in translating new research advances into applications, a frequent complaint is the difficulty in traversing the various components of the system, disciplines and subdisciplines in academia, the laboratory, the clinic, and the public and private sectors, the so-called silo problem.
Certainly, there are many positive aspects emanating from scientific and medical subcultures; silos are not all bad. However, when the biological or clinical problem at hand requires a multidisciplinary approach or requires the synergy of more than one discipline, the translational system begins to show its weakness-instead of whirring along productively, the virtuous cycle becomes slow and ossified.
An organization or department populated by researchers from within a scientific or medical discipline provides a comfortable group with whom to discuss ideas, share excitement about new advances, obtain technical advice, and commiserate together when projects go badly. Moreover, congregation of like-minded investigators around a focused mission helps to promote productive specialization and a high degree of expertise in many fields, a process essential in moving science and business forward.
In contrast, congregation of unlike-minded investigators from across disciplines stretches everyone's understanding of science and medicine, provides different sorts of thinking and problem solving skills, and exposes investigators to materials and technological capabilities of which they were unaware. Such arrangements also promote work "at the edges, " areas where subtypes of science and medicine overlap, a historically difficult yet exciting and often productive cauldron. Moreover, this environment provides ready access to theoretical and technical feedback, offering early-stage reality checks on ideas that transcend an individual's expertise-does this make sense?
Both organizational structures have value, although the more usual is the former not the latter. Looking ahead, though, institutional environments need to be questioned more deeply. Is it better to create a new university or company department organized around a particular theme or discipline, physiology or cancer biology for example? Or is it better to build multidisciplinary departments and units-a biochemist, a physicist, a clinician, an engineer, a social worker, and a business expert? Would this be a more productive arrangement than a theme-centric department or division in academia or industry? Would this approach spin ideas more rapidly and efficiently through the iterative virtuous cycle, with input coming from multiple perspectives?
One does see examples across the research community showing progress in this regard, at least to some extent. The establishment of Clinical and Translational Research Centers at institutions across the US represents recognition of the need for multidisciplinary environments that support the scientific activities and career development of translational researchers [115, 131] . However, these resources are typically Advances in Biology 7 provided atop a well-established silo system, as an attempt to counteract compartmentalization, so impact is somewhat limited.
Looking ahead, nonsilo, multidisciplinary organizational structures built de novo from the ground up may be necessary to make progress on many diseases and is an area for future innovation. Although such environments likely will play a key role moving forward, one needs to be careful not to throw out the baby with the bathwater. Individuals pursuing their own ideas and passions will always be the lifeblood of successful investigation. Science by committee or by forced collaboration is rarely successful. A particular concern when designing an integrative environment is when a leader is selected based on success in a traditional silo, Chairman of Biochemistry, for example, who then requires researchers to follow those specific cultural practices, square pegs into round holes; this is a recipe for slow progress if not surefire failure. Big-tent leaders and big-tent environments will be essential.
One way to encourage multi-investigator activities is to establish incentive programs that reward these efforts, understanding there is a natural inertia to "leaving the laboratory. " There are many ways to accomplish this goal, for example, a royalty-based payment structure, somewhat similar to profitsharing mechanisms used by many corporate concerns. In this scenario, a defined percentage of commercialization income is dispersed to everyone in a department as a reward for participating in an interactive and collegial environment. In other words, at least to a degree, "your success is my success and vice-versa. " If an investigator has a commercial triumph it benefits all, producing income and funds to support infrastructure and training, thereby incentivizing efforts to help colleagues and mentor young researchersone never knows when and how such efforts will pay off-a method to lubricate the virtuous cycle.
In contrast to oiling the cycle, there is one aspect of the silo problem within academia that stands out as particularly pernicious, a concept akin to pouring molasses onto the virtuous cycle. Many in the research community agree the issue is particularly problematic and needs to be resolved, and sooner rather than later. Others are harsher in their assessment-worst idea ever.
The concept is that an individual investigator can be either a basic scientist or an applied scientist, but never both-each person must stay in one silo or the other.
An ingrained cultural academic credo accompanies this sort of thinking, often proclaimed loudly and in an authoritarian tone; "Everyone knows that basic scientists are highly superior to applied scientists since they are pure, noble, and unencumbered by the grubbiness of commercialization. "
What follows naturally is that doing applied science somehow lessens one's ability as a basic researcher and that less knowledge and breadth of experience is preferable to more. A hyperfocus on one's primary scientific interest within a silo is said to be the only way to succeed. Never mind that the actual evidence is contradictory to this assertion, as investigators who are the most entrepreneurial remain productive with respect to basic science, produce large numbers of high-quality scientific publications, and are often the "superstars" of their fields [132] [133] [134] [135] . And never mind that even the most theoretical of academic scientists and mathematicians typically participate in a wide range of activities: teaching, mentoring, fundraising, grant writing, and departmental faculty matters to name a few. Participating in applied science and commercialization at a modest level, or even as a consultant, is considered disqualifying by many, rendering one impure, on the dark side, and no longer capable of performing high-quality basic science.
A common accompaniment to this notion is that commercialization induces scientific bias due to financial incentives, a charge that is not necessarily supported by published studies on the influence of industry funding [136] . And what of the other biases that exist in academia? Obtaining grants, being promoted, attaining tenure, publishing manuscripts, and personal recognition are all potential bias-inducing reward mechanisms. These too should be disqualifying based on the logic of the silo system. Clearly, conflicts of interest across a broad spectrum of activities are simply part and parcel of biomedical research. The remedy is not to shut down the system or abdicate the responsibility of helping patients and the public. Rather, the remedy is transparency, responsible oversight, and well-defined guidelines, features that should be emphasized in all translational organizations, especially when studies touch upon the clinic.
To the uninitiated, the silo problem may appear as an amusing and somewhat silly aspect of human nature within the scientific community that researchers like to encase themselves into a silo and tell everyone who will listen why their particular discipline is better than others. But to the initiated this is a grave problem. Self-imposed compartmentalization. A highly ingrained, dogmatic, and cultural ethos passed down from generation to generation-stay in your silo, all other work is inferior, and commercialization is uncouth to boot.
The outcome of this basic versus applied mentality, the insidious aspect, is that commercial and clinical applications become "someone else's problem. " For many academics, simply doing basic research, generating knowledge, and publishing manuscripts is sufficient. Their day is done.
But consider the effect of this scenario on the virtuous cycle. The people who best know the intricacies of a particular line of scientific inquiry-the creators, the discoverers, and the inventors-the key holders of information, both theoretical and experiential, remain on the sidelines and do not participate significantly in moving their work to patients and the public, based on a premise that is patently untrue, that human beings cannot multitask.
From a first-principles engineering viewpoint, could there be a worse design flaw in today's translational system?
The role of the most important element in the virtuous cycle, the creative individual scientist, the key driver of progress, is artificially diminished-their energy, drive, knowledge, and expertise dissipate away-and it is someone else's problem.
In the future, however, this will not be someone else's problem. It will be firmly the problem of tomorrow's translational leaders, and a high priority at that.
Advances in Biology
Model Systems. The history of science is replete with successful use of models. From early astronomy to quantum physics to understanding DNA structure, employing these systems to understand and predict physical phenomenon was and continues to be essential in science. In modern translational research, models provide experimental templates for making observations and testing hypotheses in the laboratory, an essential role given the complexity of biological systems and the ethical limits associated with clinical studies involving humans [137] [138] [139] [140] [141] [142] [143] [144] [145] .
Each of the many models employed in biological and medical research has its own strengths, weaknesses, and caveats; thus it is important not to overgeneralize and reach conclusions that are too broad [146] . However, it is also important to critically examine these systems, since so much of what comes next in translational research depends on them.
A particularly illustrative example that highlights both the value and the problems with models is the widespread adoption and use of in vitro cell cultures in biomedical research over the past several decades. Cells grown in the laboratory are advantageous in many respects since they enable a wide variety of molecular and mechanistic studies, are readily available, mimic biological phenomena, are inexpensive to obtain and maintain, and can be manipulated using molecular biology techniques to facilitate both basic and applied research.
Cultured cell lines are particularly useful for mechanistic studies of individual molecules and specific biological processes. For example, they were essential in understanding the signaling mechanism and information flow that transduces external stimuli into events in the cell nucleus, such as altered mRNA transcription or DNA synthesis. In the laboratory, a model-centric, reductionist approach uncovered a remarkable stochastic cascade of events and elucidated the function of key proteins, how they are activated and inactivated, how they are regulated, and how they interact with each other. Moreover, study of cell types exhibiting varied and contradictory behaviors in response to external stimuli was useful in teasing out subtleties in molecular mechanisms. This basic information, detached from any useful application or medical intervention, represents human scientific inquiry at its finest-curiosity, discovery, hypothesis generation and testing, and ultimately new knowledge.
There are no complaints here. The problem with cell culture models manifests itself at the second stage of inquiry, after the initial experiments in the laboratory are complete, when one asks more questionshow do these models relate to biological phenomenon on a larger scale, at the tissue, organ, organism, or disease level? What aspects are relevant to the system being modeled, often the patient, and which are not? Which findings represent true biological knowledge about how a molecule or process functions in nature?
Alternatively, which findings are not real but are due to cells growing in an abnormal environment, plastic flasks, and thus mostly irrelevant to real-world biology and to the patient? Because an event can occur in an artificial culture system does not mean that it is important or that it occurs naturally. So, what is the wheat and what is the chaff? Here the translational system breaks down in an important and some would argue deleterious way-the virtuous cycle deconstructs, but more ominously, can mislead.
An old joke often told by university professors on the first day of class is "Half of what you are going to learn is either wrong or woefully incomplete. The problem is that I do not know which 50% that is. " When used to model a larger biological phenomenon, beyond a focused molecular event, in isolation, the same goes for cell lines studied in the laboratory.
Notably, cultured cell models fit well into a silo-based research enterprise. This is both good and bad. On the one hand investigators never need to leave the laboratory to initiate and perform experiments, analyze data, publish papers, or advance a career-the messy business of traversing different scientific and medical disciplines is a nonissue. Inside the laboratory, the basic science-discovery aspect of the virtuous cycle hums along. On the other hand, though, the productive business of integrating multiple perspectives to understand models in their true context often does not occur-a major sin of omission.
However, the problem is worse yet. Anyone working with cultured cells quickly learns it is possible to manipulate experimental conditions to generate varied, even contradictory results vis-à-vis a particular molecule or phenomenon, by changing the growth conditions or by selectively focusing on one particular cell line from the hundreds that are available. Inside the laboratory this is not problematic and is in fact helpful. Cells with different and opposing behaviors are scientifically useful since investigators can examine mechanistic events from multiple angles, irrespective of the relevance to the real world.
But the applied science phase becomes even more difficult now due to this explosion of new information [147, 148] . Which of the myriad publications and data sets on a given topic are correct and worth pursuing? Which of the studies from academia and from early preclinical studies in industry are based on an accurate cell line model? Which findings are relevant to disease in patients?
Nobody knows for certain. If the biological work using in vitro cultures over the past 50 years had focused only on the basic science aspect, fundamental knowledge as the sole aim, then concerns about the validity of the data produced would be minimal; new biological and mechanistic knowledge would be sufficient unto itself. However, this is not the case. Investigators have and continue to employ cultured cells as ostensibly accurate models of physiology and disease, true representations of pathobiology. They are used for drug screening to assess the effects of potential therapeutic compounds on normal and tumor cells; they are employed to advance basic science studies of physiology, to learn how and why a process occurs; and, they are utilized to identify new drug targets based on differences in expression patterns in normal and diseased cells. If the cultured cell models are wrong then the whole enterprise collapses. The virtuous cycle does not just slow down or stop, what occurs is more troubling-the virtuous cycle spins furiously but misleads relentlessly. Some, most, or all the applied science that comes next is based on faulty premises, as shown in a tongue-in-cheek cartoon in Figure 3 .
A recent article by Gillet and colleagues examined this issue in detail, reviewing the relevance of cultured cells as representations of cancer [149] . The authors could point to several scientific and clinical successes based on use of in vitro lines; however, their overall conclusion was that the limitations of the models are real and substantial, and thus they argued for development of new, more reliable, and accurate systems.
Other investigators remain supportive of current cell line models, noting, for example, that genetic and epigenetic changes often mimic what is seen in primary tumors in patients, indicating the lines are accurate at the DNA level [150, 151] . Additionally, there are examples where cultured cell lines have indeed been useful as early-stage screening reagents, testing for therapies against single gene perturbations (as opposed to pathways) as one example [152] . Finally, other investigators rightly argue that new and improved cell line models show promise in mitigating some of the current deficiencies, for example, using three-dimensional culture systems, or performing drug screening with larger sets of lines to incorporate the full scope of heterogeneity seen in patients [153] .
Certainly, the issues involving proper integration of cell line models in biomedical research are complex, and simplistic, overarching conclusions do not properly recognize the challenges involved or the state of the field at a given time in history. Moreover, it is important to keep in mind that no strategy is perfect; investigators working to understand human biology and disease need to start somewhere. Nonetheless, many strident critics are not forgiving-they say use of these models in isolation, in laboratory silos, has been largely unhelpful, confounding a generation of investigators in the fight against human diseases, particularly with respect to discovering efficacious therapeutic agents.
One must wonder if the perceived problem with cell lines would have developed to such an extent if biomedical research were populated with multidisciplinary teams rather than silos. Would the clinician in the group have immediately and critically questioned the relevance of a system meant to mimic a disease process for drug screening purposes? Would the gold standard, the patient or data derived from the patient, be involved at the outset of a project rather than years later after extensive funds were spent on basic research and clinical trials only to find the model was misleading?
More importantly, will the biomedical research enterprise more fully integrate and synthesize the information being generated by new genetically engineered mouse models arriving on the scene today? There are several hopeful signs suggesting that this will happen. Development of new resources for comparative pathology to assess similarities and differences between mouse models and humans is promising. Additionally, refinement of methods for tissue banking and creation of sources of patient and murine organs are becoming increasingly useful for integrating laboratory findings with patients and diseases. Encouragingly, the value of several different mouse models is already evident [154] [155] [156] . As a specific example, if the insulin timeline in Figure 2 were extended to today, one would see additional successes based on use of the ob/ob and other mouse models to better understand metabolism, appetite, and obesity [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] .
Data Reproducibility. A more recently recognized challenge for translational research is a lack of reproducibility of a surprisingly large percentage of basic science results generated in academic and commercial laboratories [176] [177] [178] [179] [180] [181] [182] [183] .
At one level, nonreproducibility and lack of scalability of novel research findings is expected and is an important part of the scientific process; risk-taking, daring established scientific and medical dogma, and contrarian thinking are the lifeblood of the enterprise, leading inevitably to some false leads, incorrect notions, and failures nestled amongst the successes and legitimate leaps forward [184] . Everyone in science understands that many new developments, irrespective of their initial promise, will not succeed when tested on a larger scale or when placed under more rigorous scrutiny. And this is fine-a raucous, bubbling, risk-taking scientific ecosystem is a good thing, and failure is to be expected when difficult tasks are undertaken.
Yet, the high level of irreproducibility of laboratory discoveries is troubling [185] . Moreover, many of these studies were not simply early stage provocative findings but were ostensibly more advanced and certain results. The explanation for this nonreproducibility is speculative and there may be many elements involved. However, since successful translation obviously depends upon the accuracy of these early studies, the community is wise to be concerned with and examine this newly recognized problem in detail [186] .
Distributed Power. A hallmark underlying almost all of the wonderful advances in science from the Renaissance forward is researchers pursuing their curiosity and interests in an investigator-initiated fashion-free to think, conjecture, experiment, publish, and commercialize, even when their ideas are contrarian, in fact, especially when their ideas are contrarian.
That is not to say that there is not a role for big science or big business, there is. The National Aeronautics and Space Association in the US, the International Human Genome Project, and Apple Inc. are all good examples, to name just a few. But even here, the underlying science and technology on which these organizations are built, the real creative leaps, are typically produced by individuals working on their own or in small teams, not in large top-down assemblies.
Today, most institutions, especially in academia, are effective in establishing structures to support investigatorinitiated basic research efforts, producing a wide array of small laboratories. These "Mom and Pop shops" operate in an open and free environment with a laissez-faire philosophy towards science. If you can fund it, you can do it. The researchers pursue their creative ideas and work in whatever fashion they choose. In some ways, one can consider them to be "academic entrepreneurs, " quintessential small business stewards of a sort.
In contrast, institutions are generally not as good in supporting the applied science phase of translation, due in part to the silo and cultural issues described above, as well as a tendency to assert control at this stage, often in a negative way, whether it is an academic center, business concern, or government entity. Specific manifestations include topdown control of licensing and project direction, arbitrary restrictions on involvement of investigators in commercialization, poorly conceived academic incentive structures that reward basic science achievements (academic publications) over applied science successes (allowed patents or license agreements), and an over-focus on short-term institutional goals rather than fostering the long-term unbridled creativity and ingenuity of investigators.
Like the internal cultural restraints on applied science and commercialization that exist in academia-that it is someone else's problem-institutions frequently displace or minimize the role of creators in the translational process based on external rules and regulations.
But is this wise?
Given the complexities, risk, and difficulties of translating knowledge into public benefit, perhaps it should be the investigators who are central decision-makers guiding this second stage of translation, the applied phase. They are the ones who discovered or invented the "something new. " They are the ones who will walk through walls to make things happen when given a chance, encouraged, and not encumbered by artificial cultural limitations or institutional policy. They are the ones who will take risks that nobody else will consider. They are the ones who will go full steam ahead when other scientists, technology transfer offices, corporate leaders, investors, and business folks all consider success unlikely and their ideas maybe even a little daft. And they are the ones who are ideally positioned to integrate the basic science and applied science silos, short-term and long-term. Their role in the process is essential, yet they are often only minimally involved in translation.
It is not that the inventors and discovers need to do everything hands-on-they do not need to govern or micromanage every project or commercial spinoff. What they do need to do, however, is direct the overall effort and strategy. They need to survey the laboratory, commercial, and healthcare landscape and assess what needs to be done with their finding, committing to making things happen for the benefit of themselves, their organization, and society. They are the key holders of the creative juice and technical knowhow, the intellectual drivers of the inquiry and its potential applications, and should be highly involved in the process, not relegated to the sidelines.
Looking ahead, it likely will be beneficial to more fully empower the creators-the discoverers and inventors. To enable this change, however, institutional power will need to be distributed and dispersed, from administrators and managers to the creative agents. Unfortunately, such a transfer of power is antithetical to most university, government, and corporate leaders, whose goal is usually to amass and then preserve power at all costs, including accepting a loss of translational efficiency to maintain control.
Society will need to select its next generation of translational leaders wisely. Much depends on getting this (them) right.
Mission. In addition to distributing power to an institution's discovers and inventors, another area ripe for innovation is for an individual-centric mission in place of centralized one.
Today, the undertaking of most institutions or their substructures, a department in a university or a division within a pharmaceutical company, is typically centered on a specific discipline or product-The Department of Molecular Biology, or Stem Cell Therapies, Inc. This is fine, of course, and a necessary division of labor in many organizations. And certainly from a historical perspective such focus made sense for efficiency as the agencies of society were simply trying to promote a decent standard of living for its members; there was little chance for pondering business practices and experimenting with new methods; conditions were too harsh.
However, these societal developments, occurring over several centuries, also created extensive sets of dogmatic rules and ingrained practices that sometimes retard today's translational efforts and often go unquestioned and unanalyzed. Society now has more freedom to assess methodologies, which is especially important in translational research where progress is often slowed by orthodoxy.
An alternative to the classic organizational-centric mission is an individual-centric one. Instead of an expectation of coalescence around a central focus area or product, the goal of the institution would be of a different sort, to embrace and enable the entirety of creative abilities and instincts of investigators. Rather than researchers working only on one scientific discipline, task, or product, while at the same time subjugating other creative ideas or pursing them just as part-time, outside hobbies, an inefficient use of creative brainpower, a future mission statement of a translational organization might be:
Support investigators in being maximally creative and productive over their vocational life, embracing the pursuit of all talents and interests.
The statement emphasizes overall human potential rather than a single goal or single research area, loosening restrictive remnants and counteracting the silos and cultures that discourage progress. The emphasis shifts from what the institution needs and wants to what the individual needs and wants. In parallel with breaking down silos and distributing power to investigators, an individual-centric mission would go another step further by encouraging pursuit of a multiplicity of ideas and interests, including across a broad range of topics and disciplines, presuming investigators will continually explore new career directions and ambitions. The hyperfocused approach of the past, "You are an X and you will only pursue Y-type studies, " will be deemphasized. Instead, an individual-centric mission would support the undertaking of many creative projects, of very different sorts, with the overarching goal that every idea, insight, passion, and potential innovation in the minds of an organization's workforce is tested and evaluated, with nothing left on the shelf.
One sees this sort of arrangement at a modest level in some organizations today; however, increasingly radical structures that embrace maximizing investigator creativity as a core mission is an area ripe for innovation in the academic, government, and private sectors. Certainly, great progress emanates from those who spend their lives working on a single topic. But this myopia can be bad, too, and science is replete with examples of fundamental advances generated by newcomers to a field, by outsiders who cross into new fields to view problems with a unique perspective, old problems seen with fresh eyes. The public and patients may benefit greatly in the future by such an evolution in institutional mission focus, in ways that are unpredicted and unexpected.
Clinical Research. A major impediment to translational medicine that deserves brief mention is the laboratory-clinic interface, a challenging physical and cultural dichotomy that is notoriously difficult to traverse-a unique incarnation of the silo problem. In the medical research arena, it is common to hear investigators on both sides of the divide decry the difficulties working across this boundary. The sins of omission here are numerous and disheartening.
An organization that was specifically designed to bridge the laboratory-clinic gap is the intramural program of the National Institutes of Health (NIH) in Bethesda, Maryland. Recognizing that interaction at this interface was crucially important to progress and that proximity matters in this regard, the NIH constructed a unique medical research hospital in the 1950s to integrate science and medicine, localizing the laboratories literally across the hall from patient rooms. To advance translational goals, clinical scientists who could navigate both the laboratory and clinic were recruited-one person with two perspectives, generating unique insights into the basic pathophysiology of disease as well as associated medical interventions, as much a bedside-to-bench strategy than the usual process of starting in the laboratory and moving towards the patient [187] .
The outcome of the NIH strategy was quite amazing, including new chemotherapeutic and immune system-based treatments of malignancies, advances in surgical and medical management of cardiac diseases, studies on insulin and metabolic disorders, long-term efforts to describe the natural history of rare illnesses, and a deeper understanding of the pathogenesis of HIV and AIDS, with development of an assay to monitor the blood supply and protect the public [188] .
Perhaps as important as the scientific and medical accomplishments of the NIH program was the training of young physician-scientists and formation of a career path for them, producing a cadre of distinguished investigators who went on to establish and populate many academic research centers in the US and worldwide, accomplishing much and in turn training the next generation of clinical scientists [189] .
The lesson exemplified by the NIH Clinical Center is that surmounting barriers in translational research, in this case translational medicine, does not happen automatically nor easily; rather, it takes vision, courage, and a sustained commitment [190] . In the 1950s there was significant resistance to the idea of a government-sponsored research hospital and the success of the endeavor was not assured. Yet the pioneers persisted, did the experiment, and won the day.
Bureaucracy. Everyone who has dealt with a large organization understands the pitfalls of bureaucracy. Oftentimes, it becomes an on-going butt of jokes, or an eye-rolling acknowledgement amongst workers of the seemingly endless problems created by rules, regulations, disparate offices, and paperwork.
Many people who work for or interact with bureaucracies become resigned to their destructive inefficiency, engendering a Stockholm syndrome-like effect where the unacceptable becomes acceptable and the intolerable tolerable. Of course, there is a terrible price to be paid for this state of affairs; progress is slowed dramatically, initiative is discouraged (too difficult, too risky), and responsibility is nowhere to be seen (problems are someone else's fault).
For translational research, bureaucracy is not just another hurdle to overcome, but often a death knell that suffocates ongoing projects or discourages work from being started in the first place. The inherent multidisciplinary, multidepartment nature of translation exposes the process to onerous bureaucracies and subbureaucracies, large and small, amplifying the problem greatly. It is difficult to put metrics on the damage that bureaucracies cause in this space, especially the "might have been" successes that do not occur. But anecdotally, many in the translational and clinical research fields would rate the effect of bureaucracy as somewhere between catastrophic and ultracatastrophic.
When bureaucracy slows translation of new knowledge into a nonclinical product, a biological widget of one sort or another, this is bad. But when bureaucracy slows, stops, or prevents translation of life-saving drugs or medical devices to patients and the public this is more than bad, it is wholly unacceptable.
Or at least one would think so. Yet bureaucracies live on happily today and continue to do great damage to translational research, with no end in sight. This is mystifying.
Bureaucracies develop and expand naturally as an organization grows in order to meet administrative burdens. Obviously, this is necessary and absence of such structure would lead to chaos and dysfunction. But bureaucracies grow independent of need, and much like weeds in a garden, become unruly and destructive. It is likely that the successful organizations of tomorrow will address the problem as a serious matter if for no other reason than to stay competitive. Actively designing procedures to monitor and eliminate dysfunctional bureaucracy wherever it exists, becoming hypervigilant on the issue, and continually scanning an organization for such inefficiencies will become essential.
One simple design strategy to mitigate the difficulty is the "adult-in-the-room" concept. As virtually everyone who has suffered through one sort of bureaucratic nightmare or another can attest, attempting to coordinate multiple administrative offices and administrators, each with separate procedures and all with an interest in maintaining their power base is exasperating and discouraging. Whereas distributed power for investigators is a good thing, distributed power for administrators is not. Translational science is difficult in the best of circumstance; add these concerns to the mix and productivity plummets. This is not a small problem.
In contrast, the translational experience is very different when there is a single person involved with the knowledge and administrative power to make rapid and informed decisions-an adult-in-the-room. Here, agonizing weeksand months-long administrative arguments and power disputes dissipate, decisions are made in a timely fashion, and the focus is on the legitimate scientific and medical challenges, not on artificial administrative ones. It is a night and day difference.
Tomorrow's leaders need to ask and answer two key questions as they design their new organizations and departments. When and where will bureaucratic inefficiency appear? And in all such situations, who will be the designated adultin-the-room? Although this solution may appear naïve or oversimplistic, many translational researchers in the trenches would argue that it is not and should be "institutional design principle #1" moving forward.
Selection of Investigators.
Issues around the process of selecting and promoting young investigators applies to every organization, academic and commercial, large and small, but is particularly acute for those that include translational research in their portfolio-this step must be done correctly due to the inherently challenging nature of the undertaking; all of the best minds are needed here.
There are two matters with which to be concernedrestrictive entry of young investigators and perpetuation of like-minded thinking.
The typical path to success in today's biomedical research system is for a student to join a productive laboratory with a prestigious mentor, be successful in their studies, follow the usual conventions in terms of general attitudes and research approach, and become part of an elite junior class favored to win one of the scant number of high-level jobs available in academia or industry. The young candidate is then chosen for an assistant professorship at a university or group leader in a company and given a relatively large start-up package of salary support, equipment, and other resources. Certainly, this is one successful method for producing young investigators who will go on to do great things.
However, science, medicine, and society are likely paying an enormous price for this insular system. Access to the jobs that permit independent thinking (professorships, group leaders in industry) is limited to a small minority of young investigators, at a career stage where it is difficult if not impossible to accurately predict success, and with a heavy bias towards investigators who think like their mentors. Most young people are shut out of the process, relegated to becoming support staff of one sort or another, and their chance to lead studies into new territories, pursue novel or unpopular lines of investigation, or actively push back against the dogma of the day are minimal or nonexistentthis is not good for science, translational or other. Moreover, the traditional method of career advancement inculcates investigators in the problems described earlier in this paper, for example, perpetuating silos and the myriad other cultural practices, overt and covert, that trouble efforts to move science from the laboratory to the public.
The good old boys network and now the good old girls network are quite effective at maintaining the usual order, but this occurs at great scientific and societal expense. Instead of an army of bright young investigators bursting onto the scene as Young Turks hell-bent on upsetting the status quo and knocking the powers-that-be off their pedestals, in other words pursuing science the way it should be done, the system produces early-stage investigators who are bright and accomplished to be sure, but also "members of the machine, " focused on pleasing mentors, patrons, and tenure committees-a recipe for group-think success but radicalthink disaster.
Certainly, one should not decry or complain about the accomplishments of those who succeed in science and medicine today, and a democratic outcome is not what is needed, let the cream rise to the top. Rather, it is the limited opportunities and me-too thinking in place of a true meritocracy that are unhealthy and unwise. Better to let all the bright youngsters in, let them compete, and then let the marketplace of ideas, discoveries, inventions, and products determine the true visionaries and innovators.
Future leaders might consider a different sort of strategy for developing the next generation of talent. Rather than recruiting a single investigator with a large start-up package; five to ten of them could be hired from a broad range of sites, with a high degree of diversity, including less traditional thinkers. Each of them could be provided with a partial salary, a small research budget, a supportive environment of colleagues and collaborators, and access to a common laboratory for pilot experiments. And then let them develop their ideas, apply for funding, establish industry or academic collaborations, or start their own small companies. In other words, instead of selecting a few key individuals who come from the right places with the right attitudes, let as many young investigators into the system as possible, give them creative independence, and then let the process flow. The young scientist who is bursting at the seams to get started, who says, "All I need is a corner in the lab and a chance to test my ideas" is a good bet for success. Give more of them a chance, get out of their way, and see what happens.
What is especially disturbing about today's selection system is that the majority of young investigators, with their potentially earth-shattering ideas, are shut out at a time when they are most creative, most ambitious, most likely to take risks and push into novel scientific territories, and most able to exist on a small salary-they do not need much, just access and a chance to succeed. Individual institutions and society at large stand to benefit greatly by putting as many creative young folks as possible, as soon as possible, in charge of shaping and pushing science and medicine forward.
Today, there are some limited efforts to address this problem, the NIH pathway to independence award as one example (see Appendix). However, these programs offer only minimal changes. Looking ahead, no single problem is more important to address than access to the machine. Let all the young investigators in so they can test their ideas and determine the real winners-a true meritocracy.
All Together Now
Science does not know its debt to imagination. (Ralph Waldo Emerson)
Imagine a young Ph.D. investigator in the future who is hoping to study the biochemical basis of cell growth and then translate her findings into new therapeutics.
Will she be given a chance? Will she be allowed to enter the system? Will she be free to paint "outside the lines, " to experiment with radical ideas that differ from mainstream dogma? Will she have access to a multidisciplinary team of collaborators whom she can access easily and frequently? Will she be able to integrate her model system with patients and the clinic? Will she be properly rewarded for participating in the difficult task of translational biology and medicine? Will she be in a supportive and helpful environment that encourages her to pursue new ideas and actively identifies and eliminates bureaucratic inefficiency wherever it exists?
These are the questions that matter for the next generation of investigators and for the next generation of leaders.
Certainly, an efficient translational research system that turns scientific discoveries and knowledge into useful products, procedures, and drugs for society is laudable and universally supported. Everyone wants more cures, new devices, increased manufacturing, and economic development-a cornucopia of good things-and these desires generate some urgency to make the system more efficient.
But, the urgency of today may not be enough. Looking ahead, the need to improve the translational ecosystem may be more than just about allowing patients to live a little longer or a little better, or producing the latest widget that drives a quarterly earnings statement, as important as those aims are.
The need may become extremely urgent. Circling back to the two historically successful translational efforts of the 20th century mentioned at the beginning of the paper, antibiotics and insulin, one sees there is still much work to do in the 21st century. There has been an explosion in the incidence of diabetes and related obesity, inducing significant morbidity and mortality in populations worldwide, risking a dramatic increase in healthcare costs. In addition, we live in a dangerous microbial world, with threats that are both natural and man-made. The 20th century was one of remarkable progress in treating infectious diseases [27, 28, 188, 191] . But the prospects for the next century are less clear due to emerging antibiotic resistance. Already, there are cracks in the antibiotic wall and the future here is murky [192] .
Perhaps the last century was an anomaly. Perhaps we are destined to return to destructive plagues and epidemics of chronic diseases-or perhaps not-maybe a maximally efficient and productive translational research system will keep society one-step ahead in the game.
